Introduction
The activation of small molecules including the reversible splitting of H 2 by frustrated Lewis pairs (FLP) has received growing interest since the initial report of Stephan et al. in 2006.
1 Most FLPs contain the strong Lewis acid B(C 6 F 5 ) 3 and
Lewis basic phosphines PR 3 , but other Lewis acids such Al(C 6 F 5 ) 3 2 and Lewis bases such as N-bases 3 LGa ({L = HC[C(Me)N(2,6-i-Pr 2 C 6 H 3 )] 2 }), which is monomeric in the solid state and in solution, 7 may react as an electrophilic and a nucleophilic reagent due to the presence of an electron lone pair and an empty p-orbital. However, quantum chemical calculations proved that LGa is a good σ-donor but a poor π-acceptor. 8 The excellent σ-donor capacity of LGa was proven in reactions with Lewis acidic complexes such as B(C 6 F 5 ) 3 , yielding the Lewis acid-base adduct LGa-B(C 6 F 5 ) 3 , 9 and in reactions with a large variety of p-and d-block metal complexes. 10 Due to our general interest in Lewis acid-base reactions, 11 we investigated the reactions of group 13 Lewis acid MR 3 (M = Al, Ga, In) and group 15 Lewis bases ER 3 (E = N, P, As, Sb, Bi) 12 and E 2 R 4 (E = Sb, Bi). 13 In addition, these studies were expanded to group 13 diyl compounds Cp*M (M = Al, Ga, In), which also serve as Lewis bases due to the presence of an electron lone pair. 14 NMR spectra of 1, 2 and 3 are almost identical and show the characteristic resonances of the organic substituents. The formation of 2 and 3 was also confirmed by single crystal X-ray diffraction studies. A temperature dependent 1 H NMR spectroscopy study with compound 2 was performed ( Fig. S26 †) , clearly demonstrating that the chemical shifts of the gallanediyl fragment LGa in 2 are shifted compared to those of pure
LGa. According to these findings, we assume that 2 is only to a very less extent dissociated in solution at ambient temperature. Fig. 1 and 2 show the molecular structures of 2 and 3. 2 and 3 are isostructural and crystallize in the monoclinic crystal system in the space group P2 1 /n. The Ga I atom in 1-3 adopts trigonal planar geometries whereas the M III atoms of the M(C 6 F 5 ) 3 unit (M = B, Al, Ga) adopt distorted tetrahedral geometries. The average Ga-N bond lengths in 1 (1.942(6) Å), 2 (1.9265 Å) and 3 (1.9235 Å) are similar and considerably shorter than those observed in LGa (2.054(2) Å), which was previously explained by Power et al. by the conversion of the gallium electron lone pair into a gallium-boron donor-acceptor bond, and the concomitant development of positive and negative charges on the gallium and boron atoms. 9 The Ga I -Al III bond length of 2 (2.5482(4) Å) is in between those reported for Cp*Ga-AlR 3 {R = t-Bu (2.629(2) Å), 14 27 However, one has to keep in mind that the covalent radii are not really helpful for the discussion of E-E distances due to a strong charge separation, in particular in the case of the organoaluminum compound. As a consequence, the intermetallic bond distances are strongly influenced by electrostatic repulsion between the metal atoms resulting from their relatively high partial positive charges. In order to investigate the potential use of 1-3 for the activation of small molecules, we investigated exemplarily their reactions with benzaldehyde. The reaction of [LGa-B(C 6 F 5 ) 3 ] 1 with an equimolar amount of benzaldehyde occurred with the insertion and subsequent migration of one C 6 F 5 moiety, finally resulting in the formation of [LGa(C 6 F 5 ){CH(Ph)(OB (C 6 F 5 ) 2 )}] 4 in high yield (Scheme 2).
The rather complex 1 H NMR spectrum shows four septets and eight doublets for the isopropyl substituents. In addition, four singlets for the γ-CH (5.00 ppm), the CHPh (5.89 ppm) and the ArNCCH 3 protons (1.49, 1.33 ppm) result from the chirality of the CHPh carbon atom as well as the hindered rotation about the N-aryl bonds. carbon atoms, respectively. Nevertheless, 13 C{ 1 H} and 19 F NMR spectra are consistent with the formation of 4. The molecular structure of 4 is further elucidated by single crystal X-ray diffraction studies.
Crystals of 4 suitable for a single crystal X-ray diffraction study were obtained from a saturated toluene solution at −30°C after storage for 2 days. 4 crystallises in the monoclinic space group P2 1 /c. The Ga atom adopts a distorted tetrahedral coordination geometry, whereas the B atom shows a trigonal planar coordination sphere and the sum of the bond angles is close to 360°. The six-membered C 3 N 2 Ga rings in LGa and
LGa-B(C 6 F 5 ) 3 The analogous reaction of 2 with benzaldehyde afforded the zwitterionic compound, [LGa(C 6 F 5 ){CH(Ph)(OAl(C 6 F 5 ) 2 )}] 5. The formation of 5 most likely occurs with the initial formation of the insertion product as was observed for 4, but we were not able to isolate this species. 5 is subsequently formed by the rearrangement of the two substituents {C 6 F 5 , CH(Ph) (OAl(C 6 F 5 ) 2 )} as shown in Scheme 3a.
This reaction also proves that β-diketiminate ligands should not be regarded as non-innocent ligands as was previously demonstrated in reactions of cationic β-diketiminate aluminium complexes of the type [LAlR] + B(C 6 F 5 ) 4 − (R = Me, Et, i Bu), which were found to undergo cycloaddition reactions with alkenes and alkynes with the subsequent formation of similar β-diketimine complexes of the general type [ Scheme 2 Reactivity studies of 1-3 with benzaldehyde. NMR is shifted to a higher field compared to that observed for 2 (102.4 ppm) as was also observed for the imine carbon resonances (170.4 ppm 2, 188.4, 186.6 ppm 5). Such drastic chemical shifts were not observed in the 13 C{ 1 H} NMR spectrum of 4 in comparison to 1 and the findings are consistent with the conversion of the β-diketiminate ligand of 2 into a β-diketimine ligand in 5 (re-hybridization from sp 2 to sp 3 ). Any attempt to thermally convert 4 into a zwitterionic analogue of 5 failed since 4 was found to be thermally very stable and could be heated in benzene (80°C) for several hours without any decomposition. In contrast, compound 5 is thermolabile and further decomposes above 40°C with the subsequent formation of {(C 6 F 5 ) 2 Al(OCH 2 Ph)} 2 6 as well as so far unidentified products. A possible decomposition pathway is depicted in Scheme 3b. An inspection of the reciprocal lattice of the crystals of 5 suggests a non-merohedral twinning with a pronounced overlap of the reflections. Even after re-collecting data with a reduced scan-width per frame and increased detector distance a separation was not possible. Consequently, the quality of the resulting structure model is limited but still good enough to confirm the connectivity of 5.
4 and 5 are most likely formed in a two-step reaction process as was shown by in situ 1 H NMR spectroscopy studies on the stepwise reactions of benzaldehyde with B(C 6 F 5 ) 3 and Al(C 6 F 5 ) 3 , which proceeded with the formation of the corresponding Lewis acid-base adducts, which then consequently reacted with LGa with the formation of 4 and 5, respectively ( Fig. S27 and S28 †) . The experiments clearly demonstrated that the simultaneous presence of both the Lewis acid and the Lewis base, which is the prerequisite for a concerted reaction mechanism as is typical for frustrated Lewis acid-base pairs, is not necessary. Several attempts to synthesise the Ga-Ga analogues of 5 by the reaction of 3 and benzaldehyde failed and only the starting reagents were recovered. However, equimolar amounts of 3 and benzaldehyde reacted in toluene at 120°C with the formation of {(C 6 F 5 ) 2 Ga(OCH 2 Ph)} 2 7 in 18% yield. 6 and 7 are moderately stable towards air. They dissolve well upon heating in benzene, toluene and chloroform but quickly precipitate at room temperature. The 1 H NMR spectra of 6 and 7 show singlets and multiplets for the -CH 2 -(4.81 ppm for 6, 4.74 ppm for 7) and phenyl protons (6.99-6.66 ppm for 6 and 7), while 13 C{ 1 H} NMR spectra could not be obtained due to their limited solubility. The molecular structure of 7 was confirmed by singlecrystal X-ray diffraction. Colourless crystals of 7 were obtained upon slow cooling of a warm benzene solution of 7 to room temperature. 7 crystallises in the triclinic space group P1. The four-membered Ga 2 O 2 ring possesses a planar structure with the distorted tetrahedral geometries for the Ga atoms. The CH 2 Ph groups adopt a trans-orientation with an O1-C13-C14 angle of 110.7(2)°. The endo-and exocyclic bond angles within the Ga 2 O 2 ring are 78.7(1)°(O1-Ga1-O1*) and 101.3(1)°(Ga1-O1-Ga1*), respectively. The Ga1-O1 (1.913(2) Å) and Ga1-O1* (1.915(2) Å) bond distances are almost identical (Fig. 5) .
Conclusions
Benzaldehyde readily reacts with the Lewis acid-base adducts [LGa-M(C 6 F 5 ) 3 ] (M = B 1, Al 2), which were quantitatively formed in the reaction of LGa and M(C 6 F 5 ) 3 , with the formation of the insertion product 4 as well as the zwitterionic compound 5. 5 is formed by the attack of the strongly Lewisacidic aluminum atom on the γ-C atom of the β-diketiminate ligand. At elevated temperatures, 5 further reacts with subsequent activation of the γ-CH group and formation of 6 as well as so far unidentified compounds. A similar decompo- sition product 7 was obtained from the analogous reaction of [LGa-Ga(C 6 F 5 ) 3 ] 3 and benzaldehyde, while the insertion analogue of 5 could not be isolated. The activation of other organic derivatives upon reaction with Lewis acid-base adducts derived from monovalent group 13 diyls is currently being investigated in our laboratory in order to obtain a deeper understanding of the mechanism of main-group element based homogeneous catalysis reactions.
Experimental
All manipulations were performed under an atmosphere of purified argon using standard Schlenk and glove-box techniques. Toluene and hexane were dried using a mBraun Solvent Purification System. Benzene was carefully dried over Na. Deuterated solvents were dried over activated molecular sieves (4 Å) and degassed prior to use. NMR (δ in ppm) spectra were recorded using a Bruker Avance DPX-300 spectrometer and the spectra were referenced to internal C 6 D 5 H ( 1 H: δ = 7.154; 13 C: δ = 128.39). The microanalyses were performed at the elemental analysis laboratory of the University of Duisburg-Essen. IR spectra were recorded with an ALPHA-T FT-IR spectrometer equipped with a single reflection ATR sampling module. The IR spectrometer was placed in a glovebox to guarantee measurements under inert gas conditions. The melting points were measured using a Thermo Scientific 9300 apparatus.
Synthesis of 2
A mixture of LGa (200 mg, 0.410 mmol) and Al(C 6 F 5 ) 3 
Synthesis of 4
[LGa-B(C 6 F 5 ) 3 ] (1) (410 mg, 0.410 mmol) was dissolved in 4 mL of toluene. Benzaldehyde (43.5 mg, 42 µL, 0.410 mmol) was added to the above solution and the reaction mixture was stirred at room temperature for 2 h. The solution was concentrated to 2 mL, layered with 1 mL of hexane and stored at −30°C for 2 days to afford colorless microcrystals of 4. 
